Ceriporiopsis subvermispora is capable of decomposing lignin without penetration of enzymes into wood cell walls. To elucidate the mechanism of lignolysis at a site far from enzymes, peroxidation of low molecular mass compounds produced by this fungus was analyzed. C. subvermispora produced free 9,12-octadecadienoic, 9-octadecenoic, 11-octadecenoic, hexadecanoic and octadecanoic acids, predominantly at an early stage of cultivation on wood meal cultures. In prolonged cultivation period after 2 weeks, the amount of intact fatty acids decreased with increasing organic hydroperoxide and TBARS production. These results suggest that lignin degradation by C. subvermispora is related to extracellular lipid peroxidation. ß
Introduction
Ceriporiopsis subvermispora, a speci¢c lignin-degrading fungus, has in recent years been used in delignifying treatments of plant biomass such as biomechanical pulping, biosul¢te pulping and digestibility enhancement of forage grasses [1^3] . Although the importance of this fungus in industrial ¢elds has been widely recognized, the selective ligninolytic system of this fungus is still not well understood.
This fungus is known to decompose lignin located in wood cell walls and middle lamellae without erosion of the wood cell walls even after ¢ber separation [3^5]. Since enzymes are not able to penetrate inside of wood cell walls without erosion [6^8], degradation of lignin by C. subvermispora must be catalyzed by low molecular mass agents [3] . In studies of white-rot fungi it has been generally assumed that degradation of cell wall lignin at a site far from enzymes is catalyzed by penetration by low molecular mass oxidants such as chelated Mn(III), and veratryl alcohol cation radical which are activated by ligninolytic enzymes in cell lumina. However, chelated Mn(III) is not capable of decomposing a non-phenolic structure which constitutes the backbone of lignin. Penetration of active radicals from the cell lumina into the wall region is also disadvantageous for decomposing lignin located deep inside of wood cell walls and middle lamellae [9] . This is because active oxidants inevitably react with the substrate ¢rst encountered and the distance between the cell lumina and middle lamellae limits number of the free radicals available for lignolysis due to their short life span. In wood decay by C. subvermispora, extensive damage of the middle lamellae is observed even at an early stage [5] , suggesting that the lignin degradation by this fungus is catalyzed by a low molecular mass oxidant activated near the substrate.
Based on this discussion, we focused on the in situ free radical generation from low molecular mass peroxidizable compounds. The production and peroxidation of free saturated and unsaturated fatty acids by C. subvermispora is reported.
Materials and methods

General methods
Diphenyl-1-pyrenylphosphine (DPPP) was obtained from Dojindo. Milli-Q1 water and peroxide-free organic solvents were used throughout this study. Lipoxygenase from soybean (100 000 U mg 31 ) was obtained from Nacalai Tesque. All of the chemicals used were of analytical reagent grade. Extractfree wood meals for fungal cultures were prepared by grinding sap wood of beech (Fagus crenata) in a Wiley Mill to 40^60 mesh and by re£uxing with a mixture of distilled benzene and ethanol (2:1) for 48 h.
Enzyme assay
Manganese peroxidase (MnP) activity was measured with 2,6-dimethoxy phenol (2,6-DMP) by monitoring the initial rate of increase in absorbance at 470 nm in the presence and absence of manganese. The reaction mixture contained 0.2 mM 2,6-DMP, 0.5 mM MnSO 4 
Culture conditions
C. subvermispora FP90031 was grown from blended mycelial inocula at 28³C for 2 weeks with chelator-free (CF) growth medium. CF medium was prepared by modifying BIII medium [10] . (NH 4 ) 2 SO 4 was used as a nitrogen source instead of ammonium tartrate. Nitrilotriacetic acid (NTA) was omitted from the medium. Glucose (10 g l 31 ) was used as a carbon source. The preculture was inoculated onto 5 g of the extractive-free beech wood meal and 5 ml of CF medium in 300 ml Erlenmeyer £asks and incubated at 28³C. After incubation, the cultures were extracted with 60 ml of Milli-Q1 water, washed ¢ve times with the water and then extracted with 60 ml of a peroxide-free CHCl 3 /MeOH (2:1) solution per £ask.
For a control experiment, the extractive-free beech wood meal containing CF medium was kept at 28³C for 2 weeks without inoculation, and used for the analyses.
Determination of organic hydroperoxides and TBARS
Organic peroxides were determined immediately after extraction with DPPP according to the method of Akasaka [11] . The £uorescence of the reaction mixture was measured at 380 nm with a Shimadzu RF-1500 Spectro£uorophotometer at an excitation wavelength of 352 nm. A calibration curve of organic hydroperoxide was made with tert-butylhydroperoxide (TBHP) to give the equation, organic hydroperoxide (mM) = 7.29UF 380 U10 35 33.9U10 33 . Thiobarbituric acid reactive substances (TBARS) were measured by reacting the concentrated organic extracts (100 Wl) with 3 ml of 0.335% (w/v) thiobarbituric acid solution containing 10% (w/v) trichloroacetic acid in a boiling water bath for 15 min. The amount of thiobarbituric acid reactive substance (TBARS) was calculated with the molar absorption coe¤cient, 1.56U10 5 at 530 nm [12] .
Spectral analysis of organic extracts
The organic extracts obtained were evaporated to dryness, methylated with diazomethane and analyzed by Shimadzu QP-1000 GC-MS with ionization energy of 70 eV on silicon OV-101 (50 mU0.25 mm i.d., GL Science). The column oven temperature was raised from 180³C to 190³C at 2³C min 31 , maintained at 190³C for 20 min and raised to 250³C at the rate of 2³C min 31 . GC was obtained with Shimadzu GC-14A on silicon OV-101 and CP-Sil-8 (50 mU0.25 mm i.d., Chrompack) columns at the column oven temperatures used for the GC-MS analysis. GC analysis was also carried out with Shimadzu GC-17A on DB-23 (30 mU0.25 mm i.d., J and W) and methyl silicon (15 mU0 .25 mm i.d., Quadrex) columns to identify isomers of fatty acids.
Part of the methylated organic extracts was puri¢ed by silica gel column chromatography (3.5 cmU22 cm) using a hexane, petroleum ether, diethyl ether and acetic acid (80:13.9:5.9:0.2, v/v) mixture as an eluent. The partially puri¢ed fraction was then subjected to HPLC (Hitachi L-6200) on Shodex ODP-50 (250 mmU6.0 mm i.d., Showa Denko) using an acetonitrile, methanol and water mixture (75:11:14, v/v) as a mobile phase. The elution was carried out at a £ow rate of 0.8 ml min 31 . 1 H and 1 H-1 H COSY NMR spectra of the isolate were measured with a JEOL V-400 NMR spectrometer ( 1 H: 400 MHz) in CDCl 3 at 22³C using TMS as an internal standard.
ESR analysis
The CHCl 3 /MeOH (2:1) extract was evaporated to dryness under a nitrogen stream and suspended in 200 ml of methanol before ESR measurement. The methanol suspension (20 ml) was reacted with soybean lipoxygenase (2000 U) in 20 mM Tris-HCl bu¡-er (pH 9.0) in the presence of 100 mM 4-POBN. ESR spectra of the reaction mixture were recorded in a £at cell at 1 min with a JEOL FR-30 X-band ESR spectrometer. The spectra were recorded at room temperature with a modulation width 0.079 mT, time constant 0.10 s, scanning time 2 min and microwave power 4 mW.
Results
Spectral analysis
C. subvermispora were cultivated in extractive-free beech wood meal cultures. Peroxidizable compounds produced in the wood meal cultures were extracted with CHCl 3 /MeOH (2:1) and analyzed by GC-MS and NMR. Fig. 1 shows a gas chromatogram of the methylated organic extracts on silicon OV-101 (Fig.  1) . The mass spectra and retention times of compounds a^e on silicon OV-101 (Fig. 2) , methyl silicon, DB-23 and CP-Sil-8 columns were identical to those of authentic (a) methyl hexadecanoate, (b) methyl 9,12-octadecadienoate, (c) methyl 11-octadecanoate, (d) methyl 9-octadecanoate and (e) methyl octadecanoate.
The methyl 9,12-octadecadienoate produced by this fungus was isolated from the organic extracts by silica gel column chromatography and HPLC and analyzed by 1 The amount of 9,12-octadecadienoic acid in the organic extracts was determined by GC. As shown in Fig. 3, 9 ,12-octadecadienoic and hexadecanoic acids were produced predominantly after 1 week. However, after 2 weeks cultivation, the amount of these fatty acids decreased to 16% and 29% of those in the ¢rst week, respectively (Fig. 3) . No fatty acid derivatives were found in organic extracts from the wood meal cultures without inoculation. 
Organic hydroperoxides, TBARS and ligninolytic
enzymes produced by C. subvermispora
Organic hydroperoxides in the organic extracts from the wood meal cultures of C. subvermispora were determined with DPPP. The amount of organic hydroperoxides in the cultures of C. subvermispora increased during the ¢rst 2 weeks and peaked at day 20 (Fig. 4) . The amount then gradually decreased independently of the fungal growth. In contrast to the fungal cultures, the wood meal medium without inoculation contained no appreciable amount of organic hydroperoxides. TBARS in the organic extracts increased linearly over 4 weeks (Fig. 4) .
The activities of ligninolytic enzymes were also measured (Fig. 5) . MnP activity reached a maximum on day 4, and then decreased. Laccase activity Fig. 3 . Production of fatty acids by C. subvermispora on wood meal cultures. Solid and slant bars indicate production of hexadecanoic and 9,12-octadecadienoic acids, respectively. reached a maximum on day 3 and day 30. LiP activity was not detected. No distinct correlation was found between these enzyme activities and the amount of organic hydroperoxides.
3.3. ESR analysis of free radicals generated by lipoxygenase Fig. 6 shows 4-POBN spin adducts formed by the reaction of CHCl 3 /MeOH extract with soybean lipoxygenase. The CHCl 3 /MeOH extracts from the wood meal cultures of C. subvermispora generated free radicals by the reaction with lipoxygenase while no spin adducts were observed in the organic extract of non-inoculated wood meal medium.
Discussion
The peroxidizable unsaturated fatty acid (USFA), 9,12-octadecadienoic acid was produced predominantly at the incipient stage of cultivation with wood meal cultures of C. subvermispora. The production of USFAs was also con¢rmed by ESR after peroxidation with soybean lipoxygenase which speci¢cally oxidizes USFAs containing a cis,cis-1,4-pentadiene group located at position g8. In the prolonged cultivation period after 2 weeks, the amount of intact 9,12-octadecadienoic acid decreased with concomitant production of organic hydroperoxide. The high concentration of free USFAs in the incipient stage of wood decay and their rapid decrease after prolonged cultivation suggests that the USFAs produced may have been consumed by extracellular lipid peroxidation. Fischer reported that around 333 5% of resin acids in pine wood were removed by treatment with C. subvermispora [13] . Their observation is consistent with our ¢nding that extracellular lipid peroxidation is catalyzed by C. subvermispora during wood decay.
C. subvermispora was reported to degrade nonphenolic lignin by one-electron oxidation of the aromatic ring [14] or by hydrogen abstraction at the benzyl position [15] without lignin peroxidase (LiP) [16] . As a candidate for this unknown oxidation mechanism, MnP-dependent lipid peroxidation was proposed. The MnP-lipid system was strong enough to decompose C K -C L and L-aryl ether bonds of nonphenolic L-O-4 lignin models [17] . However, it has not been demonstrated whether the MnP-lipid system can decompose non-phenolic lignin located far from the enzyme. Immunoelectroscopy demonstrated that lignolysis of C. subvermispora occurred at a site far from enzymes. Taking into account the short life span and high reactivity of free radicals from USFAs, it is presumed that lignolysis of this fungus is catalyzed by the free radicals generated at the site where lignin degradation takes place. Recently we reported that non-phenolic lignin was intensively decomposed by a lipid hydroperoxide model in the presence of copper and a fungal metabolite pyridine at room temperature in aqueous solutions [9] . This indicates that free radicals capable of degrading lignin can be produced even at a site far from enzymes by the combination of metal complexes and lipid hydroperoxides. Thus, lipid peroxidation has been reported to be a potent oxidative process enough to decompose non-phenolic lignin. However, there has been no evidence that fatty acids are produced by C. subvermispora and consumed by peroxidation. In the present study, we demonstrated the involvement of lipid peroxidation in wood decay by C. subvermispora. Research is now in progress to elucidate the oxidative processes for generating free radicals from the fatty acids produced by this fungus.
